Projector based augmented reality serves as an alternate visual guidance tool for surgeons when performing complicated open surgeries. In projector based augmented reality, image overlay projection is a technique that allows the surgeon to view the underlying anatomical information such as tissues, tumors etc. directly on the surface of the organ or the patient. This will provide an intuitive view of the surgical navigation data by combining the surgeon's real world view with the preoperative three dimensional virtual models or instructions. Thus the strain on the surgeon to mentally align and visualize the preoperative data with intraoperative scene is greatly reduced. There are multiple stationary and handheld projectors available in the market today for this purpose. During surgery, stationary projectors mounted on a rack or under the ceiling suffer from a loss of adjustability and further cause shadowing issues when the surgeon occludes the scene. Although hand-held projectors do not have these disadvantages, they have major problems in terms of illuminance and luminous flux. The amount of light at which the hand-held projectors can project virtual additional information on to the patient is very low especially when the surgical lights are switched on. This paper therefore aims to provide an analysis of the requirements for designing such a special hand-held, augmented reality projector system that could be used during surgery, through a user study. Various optical parameters which are a key to design an augmented reality projector such as illuminance, luminance, luminous flux etc. are measured. Apart from that, other parameters such as refresh rate, image size, resolution which are also some important criteria in designing such a special projector, are discussed in this paper with respect to our application.
INTRODUCTION
Today's surgical interventions are characterized by a high degree of complexity. According to the WebMD and National practioner database report an alarming number of surgical errors are committed every year due to wrong surgical procedures. A statistical data analysis taken between 1990 and 2010 estimates that around 4000 surgical errors happen every year [1, 2] . Another survey taken by the Kaiser Family Foundation reports that around 34% of the adults from a total of 2000 adults experienced preventable medical errors [3] . This is the result of continuous increasing demands that are placed on the performing surgeon. These surgical errors may lead to post trauma complications particularly when it comes to open surgeries as these surgeries involve bigger incisions and longer healing time. Hence open surgeries have to be planned carefully. The surgeons are often provided with a complex set of medical imaging data like the Magnetic resonance imaging (MRI) or the Computed tomography (CT) data before the surgery to perform some pre-operative planning. Based on these datasets the surgeons would have to mentally visualize the location of anatomical risk structures like vessels, tissues, tumors etc. and plan or identify the incision paths in such a way that the other tissues or vessels are not affected during the surgery. Mentally aligning both the pre-operative and intra-operative scenes is sometimes a challenge and a strain to surgeons, particularly when the vessel structures are very fine or complicated. As a result, image guided systems are used sometimes, where the planned data is transferred to the operation theaters and displayed to the surgeons on the monitor screens.
*shivaraman.ilango@imes.uni-hannover.de; phone 49 511 762 19598; fax +49 511 762 19976; https://www.imes.unihannover.de/ However, this technology requires the surgeon to divert his/her sight from the patient to the monitor screens displaying the virtual information. This becomes cumbersome for the surgeon, particularly when the surgery has to be performed for a longer duration. To circumvent these problems, alternate visual guidance methods based on augmented reality (AR) approaches are the subject of current research. To date, many AR technologies have been developed based on video overlay techniques, semitransparent displays, head mounted displays (HMD), standard video projectors etc., but they have had their own drawbacks in terms of being very intrusive, suffering from line of sight occlusions and restricting the surgeons peripheral vision [4, 5, 6] . Therefore an effective solution would be to use hand-held projectors to visualize the underlying anatomical structures directly on the surface of the skin or the organ of the patient through image overlay techniques [7] . Although projection of anatomical information and surgical guidance data onto the patient is currently the most intuitive AR solution, the amount of research carried out in this field is very less, particularly when it comes to using this technology in open surgery.
Sugimoto et al. [7] and Tardif et al. [8] , among others, were the first to project anatomical models onto the patient surface using standard video projectors positioned statically above the patient. Limited by several aspects, e.g. optical system, overall size etc., commercially available video projectors cannot be easily used during surgery [4, 7] . Despite these limitations, Sugimoto et al. concluded that the image overlay assisted in the 3D understanding of anatomical structures leading to significantly improved surgical outcomes resulting from reductions in operation time, intraoperative injuries, and bleeding. Gavaghan et al. developed a portable image overlay projection device (IOD) that could be integrated into the existing surgical navigation system thus, solving patient registration problems [4] . However, this device uses marker-based external tracking, which is still intrusive to the surgical environment, and the paper concluded that the light intensity of the projector (PicoP, Microvision Inc., WA) was only 10 lumens, which was clearly a limiting factor when it had to be used under surgical lights. Therefore, the operation room (OR) lights had to be dimmed while the IOD was being used [4, 5] . Similarly, Edgcumbe et al. developed a mobile projector called Pico Lantern which would be inserted into the patient and picked up by a laparoscopic tool [9] . The Pico Lantern was used for surface reconstruction of the organ using structured light approach. However, Edgcumbe concluded that the projector had luminous flux as low as 15 lumens and it was a great limitation. He further added that the improvements to the technology of pico projectors would provide better accuracy, luminance and resolution in the future.
Ni et al. from Microsoft
Research developed a Pico projector based doctor-patient communication device but concluded that the projector had a very low luminous flux of only 50 lumens [10] . Besharati et al. carried out an augmented reality guided neurosurgery using image projection techniques but the projection device used in this case had a very low luminous flux of 20 lumens and therefore could not be used under the surgical lights [11] . A prototype developed by Kobler et al. focused on projector based augmented reality for skull surgery but the luminous flux of the projector was only 30 lumens and this was a disadvantage [12] . Krempien et al. used projector based augmented reality for intuitive intraoperative guidance in interstitial brachytherapy. This projector had a luminous flux of around 3,000 lumens but still the surgical lights still had to be dimmed while performing the surgery [13] . Prototypes developed by DLR called the DLR 3D-Modeller [14] and VR-Map [15] use laser scanner systems to visualize the preoperative data intraoperatively. However a proper user study of these systems under the surgical lights has not been conducted. Therefore conclusive evidences cannot be inferred about the visibility of the projected data under the surgical lights.
Shi et al. built a pico projector based augmented reality display for a surgical microscope but found out that it was not suitable under surgical lights as it had only 50 lumens as optical output [16] . Glossop et al. developed a laser projector augmented reality system called XarTrax which used galvanometrically controlled mirrors to steer the laser beam. This system however had limitations in the amount and type of information that could be projected. Only 50,000 points could be generates which limits the projection of detailed information. Furthermore no hint is given whether this system was tested under the surgical lights [17] . Watts et al. used an Epson PowerLite having a luminous flux of 3,000 lumens to project medical images directly on the patient [18] . However, again there is no information given about its performance under surgical lights. Chae et al. used projector based augmented reality in angiography and concluded that the brightness of the projector was very low and therefore all the lights in operation theatre were turned off to make the image visible [19] .
Previously a small user evaluation was conducted by our team on pig's liver with a projector having a luminous flux of 5,000 lumens under different surgical light intensities. At the maximum surgical light intensity, the users suggested that they were barely able to see the projected vessel structure on the liver. So the illuminance of the surgical light had to be dimmed to a lower level to visualize the projection clearly [in print]. Apart from these methods, further methods from the literature are compared and presented in Table 1 . Gavaghan et al. [4, 5, 6] hand-held (10) Shi et al. [16] hand-held (50)
Edgecumbe et al. [9] hand-held (15) Glossop et al. [17] stationary (n/a) Ni et al. [10] hand-held (50) Watts et al. [18] stationary (3,000)
Besharati et al. [11] hand-held (20) Chae et al. [19] hand-held (100)
Krempien et al. [13] stationary (3,000) Wang et al. [20] stationary (n/a) Schwier et al. [15] hand-/robot-held (n/a) Our targeted system hand-held (7,000-10,000)
All the above mentioned technologies have either used markers or external tracking systems to project anatomical information. While screwing markers is risky as it might injure the organs, another disadvantage is that the CT or MRI data should contain this marker information, which means performing a CT or MRI after attaching markers to the patient. This is regarded as highly inconvenient. On the other hand, external tracking systems, both optical and electromagnetic, have their own disadvantages and are intrusive to the surgical environment. Optical tracking poses problems when there is no proper line of sight or good lighting conditions [21] and electromagnetic tracking has encountered problems when metallic objects are present in the operated area [22] . Apart from that, the above mentioned technologies have failed to provide a good approach to compensate the motion on both rigid and deformable organs without the use of markers or external tracking. Finally, these technologies have failed to provide a solution to use the projector to visualize information on the patients under surgical lights. There are commercially available pico projectors that have good illuminance and luminous flux [23] but none of them match the illuminance provided by the surgical light.
Our research therefore focuses on bridging these gaps between the existing technologies mentioned so far by developing a high illuminance hand-held projector system, which can accurately project information not only on rigid organs but also on deformable organs without the use of markers and external tracking systems. At the same time to compensate for various quick movements of the device by the surgeon, motion compensation algorithms are planned to be developed which will improve the robustness of the device. To build a high illuminance hand projector system various requirements have to be considered and this paper aims to provide and analyze those requirements that are needed for building such a special hand-held projector with respect to our application, i.e. the open liver surgery.
OPTICAL REQUIREMENTS FOR AN AUGMENTED REALITY PROJECTOR
This section describes the optical requirements for designing an augmented reality projector for surgical interventions. A workflow of the process is shown in Figure 1 . The workflow constitutes of analyzing a special task at first. Here our main task is to project important anatomical information such as vessel structures, tumors etc. on the liver. For the surgeons to visualize the projected information on the liver under the surgical lights, various factors that enhance the visibility contrast of the projected information are analyzed. From this analysis the optical requirements to build an augmented reality projector are derived. The contents of the workflow are discussed in the subsections below. 
Analysis of the specific application
For the visibility of objects Hartmann defines five necessary conditions [24] . They are:
• The object must have a minimum contrast (color or luminance contrast).
• The object must have a minimum size.
• The object or the environment must have a minimum luminance.
• The eye must be optimally adapted to the field luminance.
• The object must be visible for a certain amount of time to be recognizable.
The visibility of the projection depends strongly on the contrast of the projected structures [25, 26] . Contrast is distinguished in light-dark and in color contrast. The light-dark contrast corresponds to the physical contrast K and can be determined using the measured luminance.
With L P as luminance of projector the luminance of the object can be calculated to
And therefore:
The high illuminance of surgical lamps has a strong influence on the field luminance. In a preliminary experiment, a luminance of about 1,000 cd/m² was measured, which was generated by a surgical light with about 50,000 lx. The size of the projected structures is in the millimeter range. Together with the distance of the operator's eyes from the illuminated organ, the minimum size of the projected structure is about a few angular minutes (arcmin). To show the influence of the minimum object size on the necessary contrast, the following estimation is performed for a minimum object width of 1 mm and 3 mm, respectively. With a maximum projection distance of 600 mm (arm length), we get a viewing angle of 17' for 3 mm and 5,7' for 1 mm. Figure 2 shows the relationship between contrast, object size and luminance. For visibility, a contrast of at least 2% is necessary at a luminance of about 1,000 cd/m² and an object size of 17' and a contrast of at least 5% at 5,7'. In order to increase the visibility much higher contrast values should be generated with the projection system. Figure 2 : Correlation between contrast, size (arcmin) and luminance of an object (data from [27] )
Visibility of projections
The size of the projection surface is chosen so that a projection on the complete size of the liver as the largest organ in the human body is possible. Verma et al. published the linear dimensions of the liver of 116 individuals as a result of MRI scans [28] . In the top view (mid hepatic point, craniocaudad) the size in the subject collective is 7.1 -18.3 cm. The size of the projection surface is chosen based on it and should be at least a square of 25 cm edge length. A circular or oval projection surface is also possible.
The influence of the frequency of projections on the visibility is divided into two effects. The flicker fusion threshold describes the frequency at which just no flicker occurs in a fast image sequence. In photopic vision, this flicker fusion frequency is dependent on the luminance. The maximum is about 90 Hz and thus represents the most critical case for which the system is to be designed [29] .
The visibility of the projection can be increased with a dynamic projection. For the design of the blinking frequency, e.g. DIN EN 842-2009 can be consulted, in which a frequency of 2 Hz to 3 Hz with the same on and off intervals is proposed for flashing lights. In order to examine how a flashing projection can positively influence the visibility, a corresponding user study is carried out. Intermittent light stimuli with a frequency of 5 Hz to 15 Hz activate the nerve cells in the human eye particularly strongly and can therefore cause seizures for people with epilepsy [29] . The flashing frequency of the projections should therefore be below 5 Hz. 
Derivation of the optical requirements
In this section, based on the previous analysis, optical requirements for an OR (operation room) projector are derived.
Resolution
A possibility to dimension the projector is based on the assumption that the smallest structures to be projected have a diameter of about 3 mm. To be able to show radii, it is required that the projector can project pixels with 1 mm edge length. The size of the projection surface results in a minimum required resolution of 250 x 250 pixels.
The visual acuity of a healthy person in the fovea centralis is about 1 / minute angle [29] . At a working distance of about 600 mm, the eye can resolve structures down to a minimum of 0.17 mm. Based on the dimensions of a human liver; a projection size of at least 250 mm x 250 mm is required. This results in a maximum useful resolution of 1470 x 1470 pixels.
Color rendering index (CRI)
The CRI value describes how natural the color of an illuminated object looks like. For the sunlight or blackbody (e.g., incandescent), a CRI of 100 is defined. In order to see the actual color of tissue, a high CRI light source is necessary. For OR lamps, IEC 60601-2-41 regulates that the CRI value for Surgical Lights (OR lamps) must be at least 85.
As part of this paper, the projector is used to produce a so-called positive contrast. This means that information can be read by locally increased luminance. Since the surgical light is switched on at the same time, writing is done with projecting a luminance or color difference on an already illuminated surface. In this setup, it is useful for the projector to reach a CRI value of 85 to achieve the required minimum color rendering index even in areas illuminated by both light sources. With a correspondingly high CRI value of the OR lamp, the value of the projector may be less than 85, as long as both light sources together achieve sufficient color reproduction.
If, on the other hand, the projector is only used to illuminate fine structures without contributing to the general illumination of the tissue, its CRI value is of subordinate importance. Alternatively, the generation of a negative contrast is conceivable with very powerful projectors. Here, the surgical lights are partially or completely replaced by projectors, which now illuminate the entire organ. In this way the structures that should be displayed are visualized in black. Since the projector is used instead of a surgical light in this case, it must meet the requirements for surgical lights also in terms of the color rendering index. Of particular importance, is the faithful reproduction of the red spectral range of visible light to allow the surgeon, for example, to estimate the oxygen content of the blood. The red spectrum is evaluated with the indicator R9, which is not part of the conventional CRI value and which is therefore considered separately for surgical lights.
Illuminance
In Section 2.1 it was deduced that the luminance contrast on the organ should be at least 5%. Assuming that a typical surgical lamp generates an illuminance of approximately 100,000 lx, the OR projector should be able to generate at least 5,000 lx. This relationship between the illuminance of the projector and the illuminance of the OR lamp applies only if both light sources have a similar emission spectrum.
Light flux
Together with the required illuminance of 5,000 lx and the projection area of 250 mm x 250 mm, this results in a minimum luminous flux of the projector of about 312.5 lm. Taking the maximum angle of 45.2° into account this value is increased to 1,250 lm. A significantly increased luminous flux is strongly recommended to increase the visibility of projection on an inhomogeneous surface like the liver.
Opening Angle
The selected working distance of 600 mm results in a minimum horizontal and vertical opening angle of the projector of 23.5°. For a shorter working distance the illuminated area becomes smaller and for a higher distance the resulting contrast decreases. For a maximum distance of 300 mm an angle of 45.2° is required. Since the projection is possible with distances the maximum angle of 45.2° is chosen.
Frequency
The refresh rate of the projector must be well above the flicker fusion frequency of 90 Hz. 
MATERIALS AND METHODS
This section describes the methodology that is involved in performing the user study to design an AR projector. The user study was conducted in an experimental OR. The details about the experimental setup and methods used in the study are discussed below in detail.
The experimental setup consists of a high illuminance DLP projector (Panasonic PT-DZ110XE) to project vessel structures of the desired sizes on a cow's liver under the surgical lights. This projector has an illuminance of approximately 107,000 lux at distance of 60cm. The illuminance of the surgical lights (2 x Polaris 560 DC) manufactured by Dräger was measured to be approximately 100,000 lx at a distance of one meter. A LMK 5 luminance camera, having a resolution of 1,380 x 1,030 pixels, developed by Technoteam Bildverarbeitung GmbH is used to measure the luminance contrast of the projected information. Parts of a fresh cow's liver used, mimicked the properties of human liver in terms of reflections and occlusions. This made the study for the users even more interesting. Figure 3  a) shows the picture the entire measurement setup used in these user study experiments and Figure 3 b) shows the picture of the cow's liver used in the user study.
The user study is divided into three parts. The idea behind each part is to analyze the visibility contrast of the projected vessel structure under the surgical lights by varying different properties of the projection. The study is conducted with eleven users, out of which three are surgeons. A C++ GUI based application using OpenCV, Visualization Toolkit (VTK) and QT libraries is used with an intension to project the vessel structure accurately at a same position on the liver for all users. The projector and a stereo camera system are calibrated with respect to each other prior to projecting the vessel structures which increases the accuracy of the projection. The projector screen is rescaled to a resolution of 800 x 600 pixels and then calibrated. The projected image entirely covers the cow's liver. At this resolution, the image size is approximately 40 cm x 30 cm. This constitutes to approximately 50 pixels per inch (PPI) and 2 pixels per mm. 
User Study 1: Evaluation of color combinations
The first part of the user study deals with the visibility of the projected information by varying the background and foreground (vessel structure) color combination of the projected information. The goal is to choose the best color combination for rendering the projected information in this scenario. A previous user evaluation study performed by our group (in print) filtered out the best five color combinations from a series of 15 color combinations based on the visibility contrast on both a pig's liver and an artificial liver. These five color combinations are given in Table 2 .
For this study the projection (a vessel structure with a line width of 3 mm) is static. The users evaluate the visibility contrast of color combination based on scale ranging from 0 to 3 (where 3 denotes the best visibility and 0 the worst visibility). The best color combination would be kept as constant for the user studies 2 and 3 for each test person. 
User Study 2: Evaluation of projection frequency
In the second user study, the visibility contrast of the projected information is analyzed while varying the frequency of the projected information. The projected vessel structure (foreground information) is switched on and off for different pre-decided intervals of time while the background color and the vessel size remain constant. The color combination that the user preferred in the previous part of the user study is taken into account for this part. Apart from the pre-decided intervals of switching time, the user also has an option to choose individual on-and off-intervals. This study also evaluates the nervousness or the calmness of the user when it comes to dynamic projection via their feedback. In the end, the users had to provide a feedback about their preference of dynamic projection over static projection and whether the dynamic projection improves the visibility contrast under the surgical lights when compared to the static projection. Again the users evaluate the visibility contrast on the scale ranging from 0 to 3.
User Study 3: Evaluation of vessel thickness
In the third user study, the visibility contrast of the vessel structure is analyzed by keeping the color combination of the static projection constant while changing the vessel thickness. For the previous two user studies, a vessel thickness of 3 mm (6 pixels) is used. The purpose behind this study is to gradually decrease the thickness of the vessels to an extent where the surgeon or the user is no longer able to see the vessel structure properly with the surgical lights switched on. This gives us an idea about the minimum thickness of the vessel structure that can be shown to the surgeons during surgery. So the vessel thickness is varied from a maximum size of 3 mm to a minimum size of 0.5 mm. OpenCV thin plate splines (TPS) and lens undistortion techniques are used to warp the projected image, so that a constant thickness of desired pixels could be maintained throughout the vessel structure while projecting it on a deformable organ like the liver. Before using these lens undistortion methods, surface acquisition of the liver is carried out through stereo reconstruction techniques.
RESULTS
In this section the results of all the three user studies are given. The first user study deals with the variation in background and foreground color of the projected information, the second study deals with the variation in projection frequency (dynamic projection) and the third study deals with variation in vessel thickness. In all our studies the same visibility evaluation scale is used: 3-very good, 2-good, 1-acceptable, 0-bad.
User Study 1: Evaluation of color combinations
From Figure 4 , it is very clear that the blue background and yellow foreground was the most preferred color combination. Interestingly all the 11 users in the user study picked this combination over other color combinations. The overlaid upper and lower whiskers cover the maximum and the minimum value for each color combination. The "x" in the center represents the mean of the visibility scale value for each color combination. Figure 4 : Results of User Study 1 (Evaluation of color combinations) Figure 5 provides information about the frequency of ratings for each color combination based on the visibility scale. For example, there were 3 people who chose 0 as the visibility level for black background, white foreground and white background, red foreground respectively. From this data we can figure out that the blue background and yellow foreground was clearly the most preferred color combination as 6 users rated it a 2 and 5 users rated it a 3 in accordance to the visibility evaluation scale. The Figure 6 shows the luminance image of the liver with projected structures on it. Caused by the inhomogeneous surface and specular reflections, the luminance of the liver ranges from about 1,300 cd/m² up to 18,000 cd/m². The mean value in the projection area is about 4,500 cd/m². Inside the black circle two projected horizontal vessel structures are barely visible. Due to the low physical contrast of the color projection with yellow foreground and blue background it is not reasonable to calculate a Weber contrast in this case. Nevertheless, the projected structure is clearly visible to the user's eye. 
User Study 2: Evaluation of projection frequency
The best color combination chosen by each user during the previous user study is taken into account for this part. The projected vessel thickness is constantly maintained at 3 mm. All test persons make use of the yellow-blue projection for this and the next scenarios. 
User Study 3: Evaluation of vessel thickness
In this user study, the visibility contrast of the vessel structure is evaluated by varying it's thickness in pixels. The best color combination chosen by the user in the first user study is kept constant. The projection is static. The results of this study in which 1 pixel stands for a line width of approximately 0.5 mm are given in Table 4 . Here again we prefer a statistical analysis table instead of box plots. Here the thickest structure is the best in terms of visibility for several users. Six of eleven test persons rate the slightly thinner structure (2 mm instead of 3 mm) as comparable. 
DISCUSSION AND CONCLUSION
The study discussed in this paper is based on the results of eleven test persons including three surgeons. The test persons are between the age of 29 and 51. The mean age of the test persons is 34. Including the surgeons, there were five people who have a good experience in open surgeries. Considering all this, the results give important hints for the requirements of an augmented reality projection system for surgical interventions but do not take into consideration all important factors like the different age categories of the users, limitations like color blindness or the spectrum of the light source completely. Nevertheless, the most obvious result is that the projection of yellow vessel structures on a blue background is beneficial for all test persons. Although the Weber contrast is reduced in comparison to white structures on a black background the additional color difference enhances the visibility of the structure projected on the cow's liver in the in vitro experiments.
While some test persons like a static projection of the information others prefer a dynamic on-and off-switching of the image. Seven out of the eleven users preferred dynamic projection over static projection. However, the surgeons did not approve of the dynamic projection. They felt that the static projection was better and made them less nervous. This part of the study gives very subjective results with no clear preferences for a switching frequency or on-off-ratio. Since the dynamic projection helps to differentiate the projected information from the real structure on the organ's surface, in addition to the static mode, a dynamic projection mode should be implemented in the system offering user-specific onoff-intervals.
The required size of the projected structure depends on the contrast which the projection system can generate on the organ. Therefore, the test persons rated the thickest structure (line width ~3 mm) as the best visible one. For a thinner structure with a width of ~2 mm the visibility was still sufficient. In order to give the surgeon precise information about the position of important structures the projected lines should be as thin as possible. However, there is a point below which the surgeons will not be able to see the vessel structure clearly anymore. In our case, the users determined that the structure with a thickness below 1 mm was not clearly visible. Hence the vessel structures having a thickness below 1 mm would not be shown to the surgeons during surgery.
The users were also asked to provide a feedback about the flickering of the projected image. At a refresh rate of 60 Hz, none of the users were able to see any flickering. However, in the previous user study, there was one of the users who could witness image flickering at 60 Hz. In Section 2.1, it is already stated that the maximum threshold till which a person can notice image flickering is 90 Hz [30] . Since flickering of the image tends to disturb the surgeons during the surgery, it is advisable to design a projector with a refresh rate more than 90 Hz.
This user study is a preliminary step towards providing the requirements for building a hand-held projector system for augmented reality applications in surgery. The significance of these results has to be proven definitely with a more realistic setup in future. In the next step, a concept or a prototype for a handheld projection system would be set up.
Since the yellow-blue projection yields a very good visibility a two-color projection system might be a good approach in order to reduce the system size in comparison to conventional three-color RGB devices. Such a system can e.g. be based on two laser sources and a micromirror (MEMS) [25, 30] . One important advantage of the yellow-blue color space in comparison to other two-color spaces is the possibility to generate white light by overlaying both colors.
